We investigate the clustering properties of 2,600 Lyman Break Galaxies (LBGs) at z = 3.5 − 5.2 in two large blank fields, the Subaru Deep Field and the Subaru/XMM Deep Field (600arcmin 2 each). The angular correlation functions of these LBGs show a clear clustering at both z ≃ 4 and 5. The correlation lengths are r 0 = 4.1 Mpc, over z ≃ 3 − 5, while the bias monotonically increases with redshift at z 3. We also find that for LBGs at z ≃ 4 the clustering amplitude increases with UV-continuum luminosity and with the amount of dust extinction. We estimate the mass of dark halos hosting various kinds of high-z galaxies including LBGs with the analytic model given by Sheth & Tormen (1999) . We find that the typical mass of dark halos hosting L L * LBGs is about 1 × 10 12 h −1 70 M ⊙ over z ≃ 3 − 5, which is comparable to that of the Milky Way Galaxy. A single dark halo with ∼ 10 12 h −1 70 M ⊙ is found to host 0.1-0.3 LBG on average but host about four K-band selected galaxies.
1. introduction Formation history of galaxies is basically understood by two fundamental evolutionary processes, i.e., production of stars and accumulation of dark matter. Electromagnetic radiation from galaxies gives information about the status of baryonic matter, i.e., stars, gas, and dust. Although dark matter should play a key role in galaxy formation, it cannot be directly detected using electromagnetic waves. Clustering properties of galaxies are closely related to the distribution and amount of underlying dark matter (e.g., Peacock et al. 2001; Percival et al. 2001; Verde et al. 2002; Percival et al. 2002; Szalay et al. 2003) . Thus, measuring clustering properties of galaxies is very useful for understanding the dark side of galaxy properties (different from stellar properties).
Clustering properties in the present-day universe have been well investigated using recent wide-field surveys such as 2dFGRS (Colless et al. 2001) and SDSS (York et al. 2000) . Clustering properties of galaxies are derived from spatial or angular two-point correlation functions (CFs), and are compared with those of the dark matter predicted by Cold Dark Matter (CDM) models (Peacock et al. 2001; Percival et al. 2001; Verde et al. 2002; Percival et al. 2002; Scranton et al. 2002; Connolly et al. 2002; Dodelson et al. 2002; Tegmark et al. 2002; Zehavi et al. 2002; Szalay et al. 2003 ). An analysis of the power spectrum from 2dFGRS data shows that the distribution of galaxies agrees with that of dark matter (Verde et al. 2002) . In other words, optically selected galaxies trace the underlying mass distribution at z = 0.
Clustering properties of galaxies are now investigated at higher redshifts up to z ∼ 4. Daddi et al. (2000) have reported a strong angular correlation for EROs at z ∼ 1, and estimated the correlation length of the spatial CF to 1 be r 0 = 12 ± 3h −1 100 Mpc, which is comparable to that of present-day ellipticals (Daddi et al. 2001) . McCarthy et al. (2001) found similarly large, but slightly smaller, correlation lengths (r 0 ≃ 9 − 10h −1 100 Mpc) for their red galaxies at z ∼ 1. Miyazaki et al. (2003) found strong clustering for both old galaxies and dusty star-forming galaxies beyond z ∼ 1. Giavalisco et al. (1998) have studied CFs of Lyman Break Galaxies (LBGs) on the basis of a large sample for bright (R < 25.5) LBGs lying around z = 3 selected by U n GR colors. They have found that the spatial distribution of z = 3 LBGs is strongly biased relative to the dark matter distribution predicted by CDM models with a linear bias of 4.5 for an Einstein-de Sitter cosmology (see also Adelberger et al. 1998) . In a subsequent paper, have found the clustering amplitude of z ∼ 3 LBGs to depend on their rest-frame ultraviolet luminosity, with fainter galaxies less strongly clustered, which is a similar property to that found in the presentday universe. Arnouts et al. (1999 Arnouts et al. ( , 2002 have measured the correlation length of faint galaxies in the HDF-N and HDF-S over the redshift range 0 < z < 4, though errors in their measurements are large due to small number statistics. Recent observational results show that LBGs at z ≃ 4 and Lyman α emitters (LAEs) at z = 4.9 are strongly biased against underlying dark matter, and that the clustering amplitudes of LAEs are segregated with respect to Lyα luminosity (Ouchi et al. 2001; Ouchi et al. 2003a , hereafter SDS II).
Narrow-band searches of LAEs on targeted fields have found strong clustering of LAEs around quasars (Campos et al. 1999; Møller & Fynbo 2001; Stiavelli et al. 2001; Fynbo et al. 2003) , radio galaxies (Venemans et al. 2002) , high redshift clusters (Palunas, Francis, & Woodgate 2000) , and overdensities in the LBG distribution .
11 Recent deep and wide-field LAE searches with Subaru/Suprime-Cam have revealed a large-scale distribution of LAEs (SDS II), and Shimasaku et al. (2003, hereafter SDS IV) have found a filamentary large-scale structure made of LAEs at z = 4.9 whose width and length are 20h The size of this high-z large-scale structure is comparable to those of present-day large-scale structures found by Geller & Huchra (1989) . The existence of such a high-z large-scale structure also indicates that galaxies at z ≃ 5 would be highly biased against underlying dark matter. However, LAE searches by narrow-band imaging observe a thin slice of high-z universes, resulting in a surveyed volume of as small as about an order of 10 4 h −3 70 Mpc 3 . Such surveys may suffer from a strong field variance. On the other hand, survey volumes for LBGs are generally about 20-50 times larger than those for LAEs. Thus, measuring clustering properties of LBGs is highly desirable to quantify the average distribution of high-z galaxies.
Motivated by this, we carried out deep and wide-field imaging for two blank fields, Ouchi et al. 2001) , and made samples of 2,600 LBGs at z = 3.5−5.2 distributed in these two fields (600 arcmin 2 each). Details of the samples are described in Ouchi et al. (2003b, hereafter SDS V) .
In this paper, we investigate clustering properties of LBGs at z = 4 and 5 using these large LBG samples. We then compare the observational results with predictions of CDM models as follows. Applying analytic models for the spatial clustering of dark matter to the observational results, we estimate the mass of dark halos which host galaxies from the bias of galaxy-dark matter distribution (Bullock, Wechsler, & Somerville 2002; Moustakas & Somerville 2002) . Since the dark-halo mass is a fundamental quantity of galaxies, we next compare various high-z galaxies detected in various wavelengths in terms of halo mass. In reality, a large fraction of high-z galaxies detected to date are either LBGs, LAEs, EROs, or SCUBA sources. These high-z galaxy samples are biased toward UV-bright star-forming galaxies (LBGs), strong-Lyα emission galaxies (LAEs), old passive galaxies (EROs), and dusty starburst galaxies (SCUBA sources). It is essential to understand the nature of the high-z galaxy population as a whole by combining these biased samples in order to propose a scenario for the evolution of galaxies at high redshifts. Finally, we examine the relation between high-z galaxies and present-day galaxies on the basis of dark-halo mass of descendants predicted by the CDM model (Moustakas & Somerville 2002) .
The outline of this paper is as follows. In section 2, we describe photometric samples of LBGs at z = 3.5 − 5.2 from the data in the SDF and the SXDF, which are obtained by SDS V. These are the largest samples of LBGs at z 4 in contiguous areas obtained to date, and thus enable detailed studies of clustering properties of galaxies at the highest redshifts so far. Section 3 presents observational results. We investigate the spatial distributions of LBGs to obtain the observational results. We derive angular correlation functions (CFs) of LBGs, and calculate correlation lengths of spatial clustering. We estimate the galaxy-dark matter bias of LBGs at z ≃ 4 and 5, and compare them with those of low-z galaxies and LBGs at z = 3. We examine the dependence of clustering amplitude on luminosity and color for LBGs and LAEs. Section 4 presents theoretical implications. We compare our observational results on the CF and the luminosity function obtained in SDS V with an analytic CDM model to investigate properties of dark halos hosting high-z galaxies and the relation between galaxies (luminous matter) and dark halos. In Section 4, we also infer the mass of descendants of these high-z galaxies. In section 5, we propose a unified view for a variety of high-z galaxies and discuss the formation history of galaxies from z = 5 to z = 0, based on the results obtained in this paper and SDS V. Section 6 presents a summary of this paper.
Throughout this paper, magnitudes are in the AB system (Oke 1974; Fukugita, Shimasaku, & Ichikawa 1995) . The values for the cosmological parameters adopted in this paper are: (Ω m , Ω Λ , n, σ 8 ) = (0.3, 0.7, 1.0, 0.9). These values are the same as those obtained from the latest CMB observations (Spergel et al. 2003) .
12 We adopt n = 1 and σ 8 = 0.9, since these values were used in many of the theoretical and observational studies to date. We express physical quantities using h 70 , where h 70 is the Hubble constant in units of 70 km s −1 Mpc −1 . The exception is the correlation length, r 0 . We express r 0 using h 100 , where h 100 is the Hubble constant in units of 100 km s −1 Mpc −1 , since most of the previous studies use h 100 to express r 0 .
observations and galaxy samples
We use three Lyman Break Galaxy (LBG) samples presented in Ouchi et al. (2003b) , i.e., SDS V. Details of the samples are shown in SDS V, and we give a brief summary of the data and the samples in the following. In sections 3-4, we describe the clustering properties of a sample of Lyman α emitters (LAEs) at z = 4.86 ± 0.03 found in the SDF to compare them with those of LBGs. Details of the LAE sample and their clustering properties (e.g., distribution and angular correlation function etc.) are shown in SDS II. We took multi-color images with the B-, V -, R-, i ′ -, and z ′ -band filters for both fields. The exposure time ranges from 81 to 210 (40 to 177) minutes among the bandpasses in the SDF (SXDF). The limiting magnitude and the seeing size of the reduced i ′ image is i ′ = 26.9 and 0 ′′ .9 (i ′ = 26.2 and 1 ′′ .0) for the SDF (SXDF), respectively. We limit the object catalogs to i ′ < 26.5 and z ′ < 26.0 (i ′ < 26.0 and z ′ < 25.5) for the SDF (SXDF), in order to provide a reasonable level of photometric completeness. Our i ′ -limited and z ′ -limited catalogs contain respectively 45,923 (39,301) and 37,486 (34,024) objects for the SDF (SXDF).
2.2. Definition of BRi, V iz, and Riz-Lyman Break Galaxies We make three photometric samples of LBGs by the following two color selections. The first sample is for BRiLBGs at z ∼ 4. Their Lyman break enters into the B band and thus they are identified by red B − R and blue R − i ′ colors. Similarly, the second is for V iz-LBGs at z ∼ 5 selected by V −i ′ and i ′ −z ′ , and the third is for Riz-LBGs at z ∼ 5 selected by R − i ′ and i ′ − z ′ . We define the selection criteria for these LBGs so that the completeness be sufficiently high and the contamination be negligibly small. In order to determine the selection criteria in the two-color diagrams, we use the best-fit SEDs of galaxies given in Furusawa et al.'s (2000) HDF-N photometric redshift catalog. We generate artificial galaxies that mimic the colors of the HDF-N galaxies, and distribute them randomly on our original images after adding Poisson noises. Then, we detect these simulated objects and measure their brightness in the same manner as for our original images. We iterate this process 100 times, and generate probability maps of low-z interlopers and LBGs in the two-color diagrams. Based on the probability maps, we determine the selection criteria for LBGs which give small contaminants and keep a sufficiently high completeness. The selection criteria adopted are
We apply these selection criteria to our photometric catalogs, and find 1,438 (732), 246(34), and 68 (38) objects for BRi-LBGs, V iz-LBGs, and Riz-LBGs in the SDF (SXDF). The V -band image of the SXDF is not deep enough to produce a V iz-LBG sample with a small number of contaminants by eq.(2). In order to avoid a high contamination rate, we adopt
as the V iz-LBG selection criteria for the SXDF. Table 1 summarizes the LBGs found in our data. We estimate the redshift distribution, completeness, and contamination of the LBG samples using the probability maps obtained from the simulations. The redshift ranges are found to be z = 4.0 ± 0.5 for BRi-LBGs, z = 4.7 ± 0.5 for V iz-LBGs, and z = 4.9 ± 0.3 for Riz-LBG. Figure 1 shows the number-weighted redshift distributions. The ratio of contaminants to sample objects in number is 1% for BRi-LBGs, 26% for V iz-LBGs, and 40% for Riz-LBGs in the SDF. The completeness of each sample is 40-60% in the most efficient redshift range. The small ratio of contaminants in BRi-LBGs is due to the fact that the BRi-LBG sample includes many faint LBGs beyond M * , which are much more numerous than foreground contaminants.
Spectroscopic Follow-up Observations
In order to examine how well these selection criteria isolate true LBGs, we use 85 spectroscopically identified objects at 0 < z < 5 in our fields obtained by Kashikawa et al. (2003, hereafter SDS III) , SDS IV, and SDS V. We find that 6 out of the 85 objects are LBGs at z > 3.5, and that no spectroscopically identified low-z interloper is included in our LBG samples. Thus, our LBG samples are thought to be reliable.
Figures 2-5 show the sky distributions of BRi-LBGs, V iz-LBGs, and Riz-LBGs detected in the SDF and the SXDF. We plot all z ≃ 5 objects, i.e., V iz-LBGs and Riz-LBGs, in a single frame; Figure 3 is for the SDF and Figure 5 is for the SXDF. In addition to these LBGs, we also plot the positions of 87 Lyman α emitters (LAEs) at z = 4.86 ± 0.03 found by narrow-band observations (SDS II) in Figure 3 . As found in Figures 3 and 5 , some of the objects are selected by both V iz-and Riz-LBG (and/or LAE at z = 4.86) selection criteria. This is because these criteria select objects in similar redshift ranges: V iz-LBGs at z = 4.7 ± 0.5, Riz-LBGs at z = 4.9 ± 0.3, and LAEs at z = 4.86 ± 0.03. Table 2 shows the numbers of objects identified by two selection criteria. These numbers values and those we adopt here are less than 10%.
apparently look quite small. We examine whether these numbers are reasonable. The number of objects selected by two criteria is predicted by: Table 2 , and are consistent with the actual observed numbers within Poisson errors. This coincidence not only explains the relatively small numbers of objects identified by two selection criteria, but also ensures the accuracy of the contamination, completeness, and redshift distribution obtained by SDS V and SDS II.
Tests for Detection Inhomogeneity
Figures 2-5 show somewhat inhomogeneous distributions of LBGs. The surface density of LAEs has a large gradient over the whole image. Prior to investigating their clustering properties, we examine whether or not these inhomogeneities come from spatial inhomogeneities of the detection efficiency and/or photometric accuracy in the images. We find that the photometric zero points are accurate within 0.1 mag over the whole field of view for any bandpass, since PSF-like objects are found to make a single sharp stellar locus in any two-color plane as shown in SDS V.
Then we examine whether there are spatial differences in the source detection efficiency by (1) calculating the number densities of all detected objects in small (10 ′ × 10 ′ ) areas covering the survey region, (2) measuring the limiting magnitudes in 2700 small (40 ′′ × 40 ′′ ) areas for each of the B, V , R, i ′ , z ′ , and N B711 images, and (3) estimating the detection completeness of LBGs and LAEs from Monte Carlo simulations in the same manner as used in SDS II. We find no clear sign of inhomogeneity in either of (1)- (3) for the SDF data. On the other hand, we find a systematic difference in the detection limits for the SXDF data with a 0.2 magnitude level on arcminute scales. This is probably because the majority of the SXDF data were taken in 2000, when the CCDs installed were a mixture of products of two companies and so had a large variety in quantum efficiency. Figures 2-5 show, however, that there is no correlation between the source distribution and the CCD positions. This demonstrates that the inhomogeneities seen in Figures 2-5 are real, although distributions of LBGs in the SXDF on arcminute scales could be contaminated by the somewhat large inhomogeneities in the limiting magnitude.
Angular Correlation Function
In order to quantitatively measure the inhomogeneity of spatial distribution, we derive the angular two-point correlation function ω(θ). According to Landy & Szalay (1993) , the angular two-point correlation function is calculated by:
where DD(θ), DR(θ), and RR(θ) are numbers of galaxygalaxy, galaxy-random, and random-random pairs normalized by the total number of pairs in each of the three samples. We create the random sample composed of 100,000 sources with the same geometrical constraints as of the data sample. The formal error 13 in ω(θ) is described by (Hewett 1982) . Its 2σ error is comparable to the error obtained with a bootstrap resampling of the data (Baugh, Gardner, Frenk, & Sharples 1996) . The real correlation function ω(θ) is offset from the observed function by the integral constant (IC: Groth & Peebles 1977) as,
We apply the correction for the IC.
14 Figure 6 shows the angular correlation functions, ω(θ), of BRi-LBGs (top panel), V iz-LBGs (middle panel), and Riz-LBGs (bottom panel). We measure the angular correlation function less than ≃ 15 arcmin scales, since uncertainties in the measurements increase largely over ∼ 15 arcmin scales, which are comparable to a half of the image size. In Figure 6 , the filled circles are for the SDF and the open circles in the top panel are for the SXDF. We find significant clustering signals for BRi-LBGs in both the SDF and the SXDF. The data points of the SDF and SXDF samples agree within the 2σ level except for the points at θ ≃ 30 ′′ and ≃ 140 ′′ , where the measurements of the SXDF are significantly lower than those of the SDF. The reason for these discrepancies is not clear. However, it could be related to the worse quality of the SXDF data than of the SDF data. In any case, the SDF sample is deeper than the SXDF sample and does not suffer from any detectable (artificial) inhomogeneity in the data. Hence, we believe that the angular correlation measured for the SDF sample is more reliable. We also find clear clustering signals for V iz-LBGs in the SDF. There is a marginal signal for Riz-LBGs in the SDF, and no signal is detected for V izLBGs and Riz-LBGs in the SXDF. This is mainly because the numbers of objects in these samples are considerably smaller than those in the other samples.
We fit a single power law,
to the data points. For BRi-LBGs, a fit is made to a combination of the data points of the SDF and the SXDF (A fit to the SDF data alone gives almost the same results since the errors in the data points of the SDF sample are much smaller). Errors in A ( Table 3 , line 1). This is probably due to the large sample size of BRi-LBGs. The value for β for BRi-LBGs is close to the 'fiducial' value, 0.8. Thus, we use β ≡ 0.8 in the rest of this paper. Adopting β = 0.91 changes the results very little. Lines 2-14 of Table 3 of BRi-LBGs and V iz-LBGs are as high as at the ∼ 10σ and ∼ 2.5σ levels, respectively. Hence, their clustering signals are significant. On the other hand, the A raw ω value of Riz-LBGs is only at the < 1σ significance level. Thus, in the following discussion, we adopt the A raw ω value of SDF V iz-LBGs for the clustering amplitude of z = 5 LBGs.
Foreground contamination to a galaxy sample dilutes the apparent clustering amplitude of galaxies. When the fraction of contaminants is f c , the apparent A raw ω value can be reduced by a factor of up to (1 − f c ) 2 . The true correlation amplitude, A ω , is given by
This is the maximum reduction of the correlation amplitude that occurs when the contaminants are not at all clustered. In reality, the contaminants in our sample will be the sum of foreground galaxies at various redshifts, and thus would be clustered very weakly, if any, on the sky. Thus we use eq. (10) to compute A ω for our LBG samples. We use f c obtained by simulations described in SDS V for LBGs. Table 3 also gives A ω values. The effect of field-to-field variations in our samples is probably modest for LBGs, since we find that angular correlation functions of BRi-LBGs in the SDF and the SXDF agree moderately well within error bars ( Figure 6 ). This is because our LBG samples probe large comoving volumes; 1.6 × 10 6 h −3
70
Mpc 3 for BRi-LBGs and 1.7 × 10 6 h −3
Mpc 3 for V iz-LBGs. On the other hand, the surveyed volume of LAEs at z = 4.9 shown in SDS II is only 9.0×10 4 h −3
70 Mpc 3 . We may have to consider the cosmic variance for the LAE sample.
Since we have a large number of LBGs at z = 4 in the SDF, we make subsamples which are divided by magnitude or color. We use two observational quantities, i ′ magnitude and i ′ − z ′ color, and make three types of subsamples; a subsample composed of objects with M M * , subsamples divided by M , and subsamples divided by E(B −V ). Then we calculate the angular correlation functions of these subsamples in the same manner as for the whole LBG samples shown above. We describe the details of the analysis in subsections 3.5 and 3.6, and summarize the selection criteria and the results in Table 3 . We do not apply this analysis to the SXDF BRi-LBG sample, since its limiting magnitude is brighter than the SDF sample's (and so the size of the SXDF sample is about half that of the SDF sample) and the SXDF sample could suffer from the inhomogeneity of the limiting magnitude over the image.
Correlation Length
Since the angular correlation function shows clustering properties of galaxies projected on the sky, ω(θ) reflects a combination of the redshift distribution of the selected galaxies and the intrinsic clustering in the three dimensional space, i.e., the spatial correlation function, ξ g . The spatial correlation function of galaxies is usually expressed by a power law as
where r is the spatial separation between two objects, r 0 is the correlation length, and γ is the slope of the power law. The correlation length, r 0 , is related to the correlation amplitude, A ω , with the integral equation called Limber equation (Peebles 1980; Efstathiou et al. 1991) ,
where F (z)
15 describes the redshift dependence of ξ(r),
The slope β of the angular correlation function is related to γ by
We need the redshift distributions of our LBGs to derive r 0 . We adopt the ones obtained in section 2. The correlation lengths thus obtained are summarized in Table 4 . In Table 4 , we show both r 0 and r raw 0 , which are the correlation lengths obtained from A ω and A raw ω . In the following discussion, we regard r 0 as the best estimate value. We find r 0 = 4.1 100 Mpc). This value is consistent with that obtained from our LBG sample. The correlation lengths we obtain (r 0 = 3 − 8h −1 100 Mpc) correspond to projected angular scales of 100 ′′ − 300 ′′ at z = 4 − 5. These scales fall in the range where the power-law fitting is excellent ( Figure 6 ).
Evolution of Correlation Length and Galaxy Distribution Bias
We discuss the redshift evolution of the correlation length. Since the clustering amplitude (i.e., correlation length) depends on the brightness of galaxies (see section 3.6.1), we compare the correlation lengths of LBGs whose luminosities are L L * . We calculate the correlation length of LBGs with L L * for z = 4 and 5. We make a subsample composed of 357 LBGs at z = 4 with i ′ < 25.3 corresponding to M < −20.8 (≃ M * ), and calculate the correlation length to be r 0 = 5.1 Table 5 ). Since the limiting magnitude of z = 5 LBGs is z ′ = 25.8 which corresponds to M = −20.5 (≃ M * ), we regard the results of all z = 5 LBGs (line 2 of Table 4 ) as those of L L * LBGs (line 3 of Table 5 ). Thus the correlation length of L L * LBGs at z = 5 is r 0 = 5.9
15 Assuming that the clustering pattern is fixed in comoving coordinates in the redshift range of our sample, we take the functional form,
, where zc is the central redshift of the sample and ǫ = −1.2. The effect of the change in ǫ over 0 < ǫ < −3 on r 0 is, however, very small. Table 5 the correlation lengths of LBGs with L L * at z = 3 given by and of all LAEs at z = 4.9 obtained by SDS II.
Mpc. We also show in
The top panel of Figure 7 plots r 0 as a function of redshift, together with r 0 of the underlying dark matter calculated by the non-linear model of Peacock & Dodds (1996) . The correlation lengths of LBGs with L L * is almost constant around r 0 ∼ 5h −1 100 Mpc at z = 3 − 5, although it might increase slightly with redshift. It is also found that the correlation amplitudes of LBGs (and LAEs) are much higher than that of the underlying dark matter. We define the galaxy-dark matter clustering bias of the large scale (= 8h
where ξ DM is the two-point correlation function of the underlying dark matter. We also calculate r 0 of the dark matter using linear theory (e.g., Peacock & Dodds 1994) , which is plotted in Figure 7 by a dashed line, and find a negligible difference from the calculation based on the non-linear model. This is because the effect of non-linearity is very small on scales of r ≥ r 0 . Jenkins et al. (1998) show that linear theory traces the results of N -body simulations above r 0 at z = 0 where the non-linear effect is larger than at high redshifts.
Using linear theory, we calculate b g by eq. (14) from r 0 (eq. 11), γ (eq. 13), and ξ DM . We explicitly present the relation between r 0 and b g given in eq. (14):
We show values of b g in Table 5 for LBGs with L L * and all LAEs (and Table 4 for all samples), and the bottom panel of Figure 7 plots b g against redshift for LBGs with L L * and all LAEs. These LBGs and LAEs are biased against dark matter by b g ∼ 3 − 5, and the bias becomes stronger at higher redshifts. This increase in LBGs' bias can be regarded as a piece of evidence supporting the biased-galaxy formation scenario (e.g., Baugh et al. 1999 ).
Segregation of Clustering Amplitudes

Clustering Segregation with UV-Continuum Luminosity
Since we have a large number of LBGs at z = 4, we examine the luminosity dependence of clustering amplitude (r 0 and b g ) using four subsamples binned according to the source brightness (∆m = 1.5). We calculate the angular correlation functions for the four subsamples, and estimate r 0 and b g in the same manner as described in sections 3.4 and 3.5, but applying to each subsample its own redshift distribution which is determined by simulations described in SDS V (Figure 12 of SDS V). Lines 6-9 of Table 3 and lines 4-7 of Table 4 give the best-fit parameters of angular correlation function together with r 0 and b g for these four subsamples. Figure 8 plots r 0 and b g for the four subsamples as a function of magnitude. It is found from Figure  8 that brighter LBGs are clustered more strongly, which is a tendency similar to that found for present-day galaxies (Norberg et al. 2002) and LBGs at z = 3 . It is also found that this luminosity dependence of r 0 is weaker for fainter galaxies. We fit the data points by a linear function of luminosity (L):
where a is a free parameter, b g is the galaxy-dark matter bias, and b * g , which is also a free parameter, is the bias of galaxies with luminosity, L * (Norberg's law; Norberg et al. 2002) . We obtain b * = 2.8 and a = 0.58 with L * being fixed at M * 1700 = −21.0 (or i * = 25.1), which is obtained in SDS V. The value of a for z = 4 LBGs is smaller than that for present-day galaxies, a = 0.85 (Norberg et al. 2002) . It may indicate that the clustering amplitude of z = 4 LBGs depends more strongly on luminosity, and/or that the luminosity dependence of clustering is different between rest-frame UV luminosity (for LBGs) and optical luminosity (for present-day galaxies).
Clustering Segregation with Dust Extinction
Strong clustering has been reported for SCUBA sources (r 0 = 12.8 ± 4.5 ± 3.0h −1 100 Mpc; Webb et al. 2003) . Since SCUBA sources are thought to be dust rich starburst galaxies, the clustering amplitude of LBGs as a function of dust extinction may give a hint for the relation between SCUBA sources and LBGs. We calculate the clustering amplitude for subsamples of LBGs at z = 4 binned with E(B − V ). We estimate E(B − V ) of LBGs from their colors with equations shown in SDS V. We make these subsamples from 357 bright LBGs with i ′ < 25.3 (≃ M * ) so that we accurately measure colors, i ′ − z ′ , and thus obtain E(B − V ). We make five subsamples whose E(B − V ) values range from −0.2 to 0.6 corresponding to i ′ − z ′ color from −0.18 to 0.50.
16 Lines 10-14 of Table 3 and lines  8-12 of Table 4 present the best-fit parameters of angular correlation functions, together with r 0 and b g , for these five subsamples. We find that the most dusty subsample (0.2 < E(B − V ) < 0.6, i.e., E(B − V ) ∼ 0.4) has the strongest clustering: r 0 = 8.2 +2.9 −4.2 h −1 100 Mpc. Although the errors are large, it may suggest that very dusty LBGs have a connection to SCUBA sources.
On the other hand, Ouchi, Yamada, Kawai, & Ohta (1999) find that no LBG identified in the HDF-N is detected by deep SCUBA observations (Hughes et al. 1998) . There are three possible explanations for this finding. First, dusty LBGs bright enough to be detected with SCUBA may be so rare that the probability of finding such an LBG in a small area like the HDF-N is very low. Second, the redshift distributions of LBGs and SCUBA sources may overlap little with each other. Indeed, SCUBA sources are generally located at z = 1.9−2.8 (Chapman, Blain, Ivison, & Smail 2003) , while LBGs are found at redshifts higher than z ≃ 2.5. Third, LBGs may have a closer relation with EROs than with SCUBA sources. EROs are thought to be a mixture of old galaxies and dusty star-forming galaxies. Although we assume that the red i ′ − z ′ color of LBGs is due to dust extinction, the reddest LBG subsample might include a large number of old galaxies which have optical-to-infrared colors close to those of EROs. In reality, McCarthy et al. (2001) find that the correlation length of EROs at z ∼ 1 is 9 − 10h −1 100
Mpc, comparable to that of the reddest LBG subsample. We estimate the mass of dark halos which host LBGs and LAEs using the analytic models given by Sheth & Tormen (1999) and Sheth, Mo, & Tormen (2001) . They are derived from a fit to the results of GIF simulations (GIF/Virgo collaboration; e.g., Kauffmann, Colberg, Diaferio, & White 1999) .
Prior to estimating the mass of dark halos, we present an overview of the model of Sheth & Tormen (1999) . According to their model (see also Mo & White 2002) , the number density of collapsed dark halos with mass M at redshift z is given by
where ν ′ = √ aν, a = 0.707, A ≃ 0.322, and q = 0.3. Here, ν is defined by
where D(z) is the growth factor, σ(M ) is the rms of the density fluctuations on mass scale M , and δ c = 1.69 represents the critical amplitude of the perturbation for collapse. We calculate the growth factor following Carroll, Press, & Turner (1992) . σ(M ) is calculated from the power spectrum whose power law index is n = 1, using the transfer function given by Bardeen, Bond, Kaiser, & Szalay (1986) . The number density of collapsed dark halos at a given redshift, i.e., the mass function of dark halos, is calculated using eqs. (17) and (18). The resulting mass function at z = 4 is shown in Figure 9 . In the model of Sheth & Tormen (1999) , the bias of dark halos against the dark matter, b DH , is calculated by
where b = 0.5, c = 0.6, and the other parameters (ν ′ , δ c , and a) are the same as those in eqs. (17) and (18) (Sheth, Mo, & Tormen 2001) . Since ν ′ is a function of redshift and mass, the mass of a dark halo is estimated from eqs. (18)and (19), once the bias of the dark halo and the redshift are given. Since the bias values of LBGs, b g , are measured at a large separation of 8h −1 100 Mpc, these values reflect the bias of dark halos (which host LBGs) rather than the bias of the galaxy distribution in dark halos, i.e., b g ≃ b DH . Assuming that galaxies with a given brightness are hosted by dark halos of a specific mass (i.e., there is a one-to-one correspondence between the galaxy luminosity and the halo mass), we estimate the average mass of dark halos, M , for galaxies of a given luminosity range from the bias values obtained in section 3.5. We also calculate the number density of galaxies from the luminosity functions (LFs) given in SDS V. Note that, since the LFs are derived by correcting completeness and contamination for the number counts of LBGs, these number densities do not suffer from these systematic observational errors. The ticks in Figure 8 show the halo masses and the number densities for z = 4 LBGs thus obtained. We then plot in Figure 9 the number density of LBGs against the mass of hosting dark halos for each luminosity bin, together with the mass function of all dark halos existing at z = 4 calculated by eq. (17). The most striking feature in Figure 9 is the discrepancy in number density between all dark halos (thin solid line) and all the data points (filled circles) except the brightest one. We define the occupation number, N occup , as the ratio of the number density of galaxies to that of dark halos. Table 6 presents N occup for each luminosity bin together with the results for galaxies at z = 3 and 5, which are explained in the following sections. Lines 10-13 of Table  6 (and Figure 9) show that the occupation number of the brightest LBGs is almost unity, but those of fainter LBGs (including L * -LBGs) are 3 to 10 times smaller. This implies that the majority of low-mass ( 10 12 h −1 70 M ⊙ ) dark halos have no LBGs. Since LBGs are star-forming galaxies which are bright in the UV, it is possible that low-mass dark halos have a galaxy which happens to be between star-forming phases and thus escapes from our LBG samples.
Hosting Dark
Dark Halos of Galaxies at z = 3
In order to investigate the discrepancy in number density between LBGs and all dark halos (Figure 9 ), we carry out the same analyses for various galaxy populations at z ≃ 3, whose number density and correlation length have been reported in the literature. We examine Kband selected galaxies (FIRES; Daddi et al. 2003) , SCUBA sources (SCUBA; Webb et al. 2003) , and LBGs . Here, we note basic properties of these three populations. FIRES galaxies are detected by very deep K-band imaging (K < 24) with VLT/ISSAC (Daddi et al. 2003) . Although the sample of FIRES galaxies may suffer from the field variance due to its very small survey field (∼ 4 arcmin 2 ), Daddi et al. (2003) claim from their simulations that the strong correlation amplitudes they found are hardly reproduced by the field variance alone. FIRES galaxies include UV-faint galaxies, i.e., quiescent in star-formation activity, which are not identified by LBG selections (Franx et al. 2003) . SCUBA sources are detected by their strong submillimeter fluxes in Canada-UK Deep Submillimeter Survey with JCMT/SCUBA, and they are thought to be a mixture of dusty-starburst galaxies and AGNs. The sample of LBGs at z = 3 used in this analysis is taken from (see also Giavalisco et al. 1998; Adelberger et al. 1998; Arnouts et al. 1999 Arnouts et al. , 2002 Porciani & Giavalisco 2002) . Figure 10 (and lines 1-7 of Table 6 ) shows the results for z ≃ 3 galaxies. The mass of dark halos hosting LBGs ranges over 10 11 − 10 12 h −1 70 M ⊙ . The occupation number of LBGs is less than unity (∼ 0.3: see Table 6 ). These features of LBGs at z = 3 are similar to those at z = 4. On the other hand, dark halos of FIRES galaxies have ∼ 10 12 h −1 70 M ⊙ , which is comparable to the mass of LBGs, but the occupation number of FIRES galaxies is as high as ≃ 4. This comparable mass and large occupation number indicate that dark halos with ∼ 10 12 h −1 70 M ⊙ have 4 galaxies on average, and only about 1/10 (≃ 0.3/4) of them have an active-star formation whose star-formation rate (SFR) exceeds ∼ 5h
if dust extinction is corrected; see SDS V), so that they are identified as LBGs by their bright UV continuum. Halos hosting SCUBA sources are located near the highmass end of the dark halo mass function at z = 3, having ∼ 3 × 10 13 h −1 70 M ⊙ . The best estimate of the occupation number of SCUBA sources is about 4, though the uncertainty in it is about an order of magnitude larger than those for other objects due to large errors in the measurements of the number density and the correlation length. The large mass of dark halos (∼ 5 × 10 13 h −1 70 M ⊙ ) hosting SCUBA sources indicates that SCUBA sources exist only in proto-cluster regions.
Dark Halos of Lyman Break Galaxies and Lyman
α Emitters at z = 5
We then apply our analysis to LBGs at z = 5 and LAEs at z = 5 obtained in SDS II, so as to investigate the evolution of LBGs from z = 3 to z = 5 and differences between LBGs and LAEs. The results are given in lines 14-15 of Table 6 and in Figure 11 . Both LBGs and LAEs at z = 5 are embedded in dark halos with ∼ 10 12 h −1 70 M ⊙ . However, the number densities of LBGs and LAEs are different, and so the occupation number of LAEs (N occup = 3.2) is about 5 times larger than that of LBGs (N occup = 0.6). It indicates that the majority of dark halos with ∼ 10 12 h −1 70 M ⊙ do not host LBGs, while hosting multiple LAEs. Since the typical brightness of LAEs in SDS II is about 2 magnitude fainter in UV continuum than that of our LBGs at z = 5, galaxies in the LAE sample have about ten times less starformation rates than those in the LBG sample. This deep detection limit of the LAEs results in the larger number density for LAEs.
Note that the estimated mass of dark halos hosting LAEs may be smaller than the true values. We use the best-fit power-law function for the angular correlation function shown in SDS II to obtain r 0 , and calculate the galaxy-dark matter bias b g defined at r = 8h 
Descendants of Dark Halos Hosting High-z Galaxies
Once the mass of dark halos is determined at a given redshift (z), one can calculate analytically the bias of dark halos for their descendants (and progenitors) at an arbitrary redshift. The bias of descendants at the present epoch, b 0 DH , is calculated by (Sheth, Mo, & Tormen 2001) :
where D(z) is the growth factor, and the other notations are the same as those in eq. (19). Assuming that the bias thus obtained represents the bias of a given dark-halo mass at the present epoch, we estimate the dark-halo mass of descendants with eq. (19). We first calculate the presentday bias for dark halos hosting high-z galaxies, and then derive the mass of descendants at z = 0 from b 0 DH . Figure 12 shows the mass of descendants of dark halos which hosted high-z galaxies. In this figure, the number densities of descendants are the same as those measured for high-z galaxies, since the analytic model does not predict the number density of descendants. In other words, in Figure 12 we assume that high-z galaxies conserve the number densities until the present epoch. It is found from Figure 12 70 M ⊙ at z = 0 correspond to the mass scale of clusters and groups. Our finding means that the high-z galaxies examined here become member galaxies of clusters and groups in the present-day Universe in a statistical sense. This result is qualitatively consistent with those found by Nagamine (2002) who claims from a hydrodynamic simulation that all bright (M V −23) LBGs at z = 3 evolve into galaxies in clusters or groups at z = 0, and that half of LBGs with −23 M V −21 fall into clusters or groups.
In Figure 12 , the dotted line denotes the number density of present-day galaxies, which is calculated from the occupation-number function derived by van den Bosch, Yang, & Mo (2003) who used the 2dFGRS data. Note that this occupation-number function is for galaxies brighter than M bg ∼ −19 (this limiting magnitude is determined by the depth of the 2dFGRS data). In other words, the dotted line of Figure 12 indicates the number density of normal bright galaxies. This number density of present-day normal galaxies is found to exceed those of bright LBGs and SCUBA sources. On the other hand, the number density of faint LBGs (L L * ), FIRES galaxies, and LAEs is higher than that of present-day normal galaxies. If we assume that all high-z galaxies evolve into present-day normal galaxies, the excess of the number density of high-z galaxies over that of present-day galaxies puts a constraint on the minimum number of mergers which high-z galaxies have experienced until z = 0. We define N min (merge) as the ratio of the number density of high-z galaxies to that of present-day galaxies, and calculate N min (merge) for each of the high-z galaxy populations in Table 6 . It is found that L L * LBGs, LAEs, and FIRES galaxies should experience mergers at least 2-5, 4, and 7 times, respectively, so as to reduce their number density. Part of these high-z galaxies will evolve into massive cluster galaxies through mergers. Our findings are consistent with results of semianalytical models. For example, Governato et al. (2001) find that among 12 halos containing at least one LBG in a proto-cluster region at z = 3, 7 halos merge into one central object of the cluster while the rest of 5 halos survive as separate entities inside the cluster at the present epoch.
The thick solid curve in Figure 12 presents the relation between the observed number density of z = 4 LBGs and the predicted dark-halo mass of their descendants at z = 0. This curve is derived by evolving the thick solid curve in Figure 9 to the present epoch using eq. (20). It is interesting to note that the data points for LBGs at z = 3 and 5 are located close to this solid curve. This may imply that descendants of LBGs at z = 3, 4, and 5 are indistinguishable in terms of the number density and halo mass.
We find that the mass of descendants of dark halos hosting SCUBA sources is about 4.5
Thus the descendants of SCUBA sources will probably be embedded in clusters of galaxies. We then find that the data point of SCUBA sources is located near the high-mass end of the thick solid curve in Figure 12 . This would indicate that SCUBA sources are very dusty and high star-formation rate LBGs (a similar discussions is found in . The number density of SCUBA sources is about 1/10 that of present-day normal galaxies in clusters. This implies that the descendants of SCUBA sources are a rare population in present-day cluster members. Since the fraction of elliptical galaxies in present-day cluster members is about 20% (Dressler 1980; Whitmore, Gilmore, & Jones 1993) , the descendants of SCUBA sources could be cluster ellipticals. This inference supports the prediction by Shu, Mao, & Mo (2001) based on the CDM model that descendants of bright submm sources should reside in present-day clusters and that these objects are likely to be the progenitors of giant ellipticals.
5. discussion 5.1. Clustering Properties of LBGs at z = 4 and 5 Figure 7 shows the observed correlation length, r 0 (in comoving units), and galaxy-dark matter bias, b g , of LBGs at z ≃ 4 and 5 in our sample, together with those of galaxies at various redshifts between z = 0 and 3 taken from the literature. The data points for LBGs (at z = 3 − 5) are for galaxies with L L * in UV continuum, while the other points at 0 < z < 1 are for galaxies selected by optical continuum. In Figure 7 , r 0 decreases with redshift over z ∼ 0 − 1, has a minimum at z ∼ 1 − 3, and then slightly increases at z > 3. This behavior can be explained by a combination of (i) the increase in bias (b g ) with redshift and (ii) the decrease in the correlation amplitude of dark matter (ξ DM ) with redshift, since r 0 is expressed as
(1/γ) (eq. 15). At low redshifts, the decrease in ξ DM (with redshift) dominates over the increase in b g . This is the reason why r 0 decreases with redshift over z ∼ 0 − 1. On the other hand, the increase in b g is more effective at high redshifts, resulting in an increase in r 0 with redshift at z > 3. Note that these two factors roughly cancel with each other, and thus the change in r 0 over z = 0 − 5 is modest compared with the change in b g . Kauffmann, Colberg, Diaferio, & White (1999) have found a qualitatively similar trend in the evolution of r 0 in their galaxy formation models. They have claimed that a dip in r 0 between z = 0 and 1 occurs in Λ-dominated flat universes, because structures form early and dark halos hosting L * galaxies are unbiased tracers of the dark matter over this redshift range. To summarize, the observed behaviors of b g and r 0 found in this paper can be regarded as a piece of evidence supporting the biased galaxy formation scenario.
Dark-Matter Properties of High Redshift Galaxies
It is found from Figures 9 and 10 that the mass of dark halos hosting LBGs at z = 4 − 5 ranges from 10 11 to 10 13 h −1 70 M ⊙ . , Bullock, Wechsler, & Somerville (2002) , and Moustakas & Somerville (2002) have estimated the mass of dark halos hosting LBGs at z = 3 using analytic approaches based on the CDM model. have found that the average mass of dark halos for LBGs with R = 23, 25.5, and 27 is M = 3.6, 1.3, and 0.6 × 10 12 h −1 70 M ⊙ , respectively. Bullock, Wechsler, & Somerville (2002) have derived the minimum mass of dark halos, M min , and the mass of dark halos hosting one LBG, M 1 , using the observed spatial correlation functions given by Adelberger et al. (1998) , , and Arnouts et al. (1999) (2004) have derived recently the mass of dark halos of our LBGs and LAEs at z = 4 and 5 using the halo occupation function. They directly fit predicted angular correlation functions and number density to data for LBGs and LAEs (obtained in this paper and SDS II), and obtain M , M 1 , and M min . They assume the power-law occupation number function and the same analytic halo models (Sheth & Tormen 1999) as used in this paper. They obtain M = 9 × 10 11 , 6 × 10 11 , and 1 × 10 12 h −1 70 M ⊙ for LBGs at z = 4 and 5 and LAEs at z = 5, respectively, which are comparable to our results (M = 4 × 10 11 , 9 × 10 11 , and 1 × 10 12 ). Hamana et al. (2004) have found an indication that the simple halo model may not work for small-scale clustering (θ < 120 ′′ corresponding to r < 3.1h
−1 100 Mpc) of LAEs. In our analysis, we obtain the bias at a large scale (at 8h −1 100 Mpc), and do not examine whether ξ DH is fit to ξ(LAE) on small scales. In this sense, our analysis is simpler than theirs.
In Table 7 , we summarize the properties of dark halo hosting L L * LBGs (and LAEs), which are extracted from Table 6 . We find the typical mass of dark halos hosting L L * LBGs is 1.3 70 M ⊙ yr −1 before [after] extinction correction) over z = 3 − 5. This finding suggests that the massto-luminosity ratio of LBGs (the mass of a hosting halo divided by a UV-luminosity of the LBG in the halo) does not change largely from z = 3 to 5. In other words, the star formation efficiency is almost constant over z = 3 − 5. This suggestion may not be consistent with the theoretical prediction that the star-formation efficiency increases with redshift (e.g., Hernquist & Springel 2003) . Figure 9 and Table 6 show that the occupation number, 
Unified View for Various Kinds of High-z Galaxies
In this section, we discuss relations between LBGs, LAEs, K-band selected galaxies (FIRES), and SCUBA sources. These galaxies are named after the search techniques (section 1), and are all located at high redshifts. Little has been known to date about relations between these galaxy populations. Figure 12 plots the observed number densities of these high-z galaxies against the predicted masses of dark halos of their descendants at z = 0. In this figure, the thick solid curve corresponds to the best-fit function to the observed relation between the bias parameter and the number density for our z = 4 LBGs (Figure 8 of section 3.6.1) . Interestingly, the data points of LBGs at both z = 3 and z = 5 (blue and red circles) are located very close to this curve. This suggests that LBGs at z = 3 − 5 are a single population in terms of the mass of hosting halos and the halo occupation number.
We propose here that LBGs at z = 3 − 5 come from a single parent population of galaxies, assuming that any dark halo more massive than a critical value has such parent galaxies and that the stellar mass of these galaxies is proportional to the mass of the dark halo. These parent galaxies can be detected by NIR surveys such as FIRES, because NIR surveys sample galaxies according to their rest-frame optical luminosity, i.e., their stellar mass. Figure 10 shows that the number density of FIRES galaxies is 10 times higher than that of LBGs at the same mass range of dark halos. If LBGs are star-forming galaxies with intermittent star formation activities as suggested in section 4.2.1, this difference in the number density reflects probably the total duration time of active star formation in galaxies. Both LBGs and FIRES galaxies are seen at z = 2.5 and 3.5, and the cosmic time between these two redshifts is 8.0 × 10 8 yrs. If we assume that LBGs are visible in optical observations (i.e., bright in the rest-frame UV wavelength) only when they are in a phase of active star formation, then the total duration time of star formation between z = 2.5 and 3.5 is estimated to be 8.0 × 10 8 /10 = 8 × 10 7 yrs. This value is comparable to the typical age of stellar populations of LBGs, 7 × 10 7 yrs, given by Papovich, Dickinson, & Ferguson (2001) . They have derived the age from a fitting of model spectra to the observed optical-to-NIR colors of LBGs at z ∼ 3, assuming that the star formation history of LBGs is approximated by an exponentially decaying star-formation rate. Furthermore, if we assume that the typical starformation rate of LBGs is 20−200M ⊙ /yr (whose values are extinction-corrected by a factor of 4: see Figure 16 and section 5 of SDS V), then the stellar mass accumulating from z = 5 to 3 (∆t = 9.6 × 10 8 yrs) is estimated to be roughly 9.6 × 10
This value is comparable to the typical stellar masses of LBGs at z ∼ 3 derived by Shapley et al. (2001) and Papovich, Dickinson, & Ferguson (2001) . On the other hand, if LBGs are FIRES galaxies in a phase of star formation, LBGs should have similar stellar masses to FIRES galaxies. This prediction is supported by Franx et al. (2003) 's finding that while FIRES galaxies are slightly less luminous in the observed-frame K band than the brightest LBGs, their stellar masses are comparable to, or higher than, the brightest LBGs'.
The data point of SCUBA sources (star mark) is located at the high-mass end of the solid curve in Figure  12 . This coincidence would indicate that SCUBA sources and LBGs belong to the same population. As discussed in section 3.6.1, brighter LBGs have larger dark-halo masses, indicating that LBGs with higher star-formation rates reside in more massive dark halos. The star formation rates of SCUBA sources, ∼ 10 3 M ⊙ /yr, are (much) higher than those of LBGs, 20 − 200M ⊙ /yr after extinction correction. Thus, the correlation found for our LBGs at z = 4 holds for SCUBA sources as well. We have also found a possible connection of dusty LBGs to SCUBA sources in the analysis of section 3.6.2.
We have found a probable connection between LBGs, FIRES galaxies, and SCUBA sources as discussed above.
However, LAEs at z = 4.9 cannot be understood in a similar way. Since LAEs are also star-forming galaxies, they should be located near the solid curve in Figure 12 , if they belong to the same population as LBGs. In this case, LAEs are expected to be located near the low-mass end of the solid curve, because the typical star-formation rate of LAEs is only about 10 (3) M ⊙ /yr with (without) dust extinction correction. 18 We think that this apparent discrepancy is related to (i) a large cosmic variance in the LAE sample of SDS II and/or (ii) a selection bias of LAEs. First, as we note in section 3.3, the surveyed volume for their LAEs is just 9.0 × 10 4 h −3
70 Mpc 3 , and thus the results could be strongly affected by the field variance. In reality, Shimasaku et al. (2003) have found that their LAEs make a large-scale structure, and it is possible that the clustering derived in SDS II is biased high due to the large-scale structure. Second, star-forming galaxies with relatively bright Lyman α emissions can be selected as LAEs even when their star formation rates (i.e., UV luminosities) are considerably low. We have found in SDS II that LAEs brighter in Lyman α emission are clustered more strongly while clustering strength does not clearly correlate with UV luminosity. If this correlation holds for all star-forming galaxies, the clustering strength of LAEs should be higher than that of general star-forming galaxies with similar star-formation rates, resulting in very massive dark halos for LAEs. The cause of this 'Lyman α luminosity bias' is not clear to us, but a possible explanation is that the Lyman α luminosities of galaxies increase (only) when they infall toward massive dark halos. When galaxies infall toward massive halos, star formation may be triggered in them due to, for instance, interactions with the halos. Since the duration of strong Lyman α emission is very short, galaxies with strong Lyman α emission will be found only around massive halos, and thus LAEs have strong clustering. Scannapieco & Thacker (2003) have discussed a similar scenario for high-z starburst galaxies. In this explanation, we assume that Lyman α luminosity correlates with star formation rate fairly well. However, this assumption may not necessarily be true. For instance, Shapley et al. (2001) find that LBGs with stronger Lyman α emissions have older stellar populations, contrary to the predictions from simple Hii region models. In any case, our knowledge about the nature of LAEs is still poor. It is of great importance to accumulate the data of LAEs by new observations to infer more accurately their fundamental quantities such as halo mass, stellar mass, and star formation rate.
Finally, we summarize our unified view for high-z galaxies (i.e., LBGs, FIRES galaxies, SCUBA sources, and LAEs), which we have proposed in this subsection. At z ∼ 3 − 5, dark halos with ∼ 10 12 h −1 70 M ⊙ host a few galaxies (section 4.2.2) whose stellar masses are large enough to be detected as FIRES galaxies. Most of the galaxies hosted by these dark halos are quiescent in star-formation, but about one tenth have a moderately strong star-formation activity (SFR∼ 20 − 200M ⊙ /yr), producing a bright UV continuum and thus being identified as LBGs. Hence, FIRES galaxies are the parent population for LBGs according to our view. LBGs found at z ∼ 3, 4, and 5 are not necessarily on the same evolutionary track, since the duration of a single star formation for LBGs is expected to be much shorter than the cosmic times between z = 3, 4, and 5. More massive dark halos tend to host LBGs with higher SFRs, and extremely massive dark halos with ∼ 10 13 h −1 70 M ⊙ have a starburst galaxy with SFR∼ 10 3 M ⊙ /yr, which is identified as a SCUBA source. The relationship between LAEs and the other high-z galaxies is not clear.
Formation History of Galaxies and Large-Scale Structures Based on the Observational Results
In sections 5.3, we have proposed that LBGs and SCUBA sources are high-z star-forming galaxies emerged from the same parent population. In our proposal, highz galaxies experience many episodic star-forming phases with star-formation rate of 20 − 200h −2 70 M ⊙ yr −1 , whose characteristic total duration time is ∼ 80Myr (per 1 Gyr). The diversity of the properties of star-formation galaxies may be due to the variety of star-formation rate. These galaxies accumulate stars through episodic star-formation activities of 20 − 200h 10 M ⊙ at z = 3. In SDS V, we have found that the luminosity function of LBGs does not change from z = 4 to z = 3, while the number of bright LBGs (M 1700 −22; extinctioncorrected SFR is 100h −2 70 M ⊙ yr −1 ) drops toward z = 5. If we assume that the star-formation efficiency is constant from z = 5 to z = 4, this implies that massive galaxies (with large cold gas reservoirs) are rare at z 5 since matter (baryon + dark matter) has not been assembled by the gravitational instability at z = 5. However, the cosmic star-formation rate density is almost constant from z ≃ 5 to z ≃ 1 (SDS V). This is because the major contributors to the cosmic star formation are galaxies with smaller star-formation rates ∼ 1h −2 70 M ⊙ yr −1 (SDS V). Then, most of the galaxies with active star formation of ∼ 100h −2 70 M ⊙ yr −1 disappear in the present-day Universe ( Figure 16 of SDS V). This reduction of galaxies with intensive star-forming activities leads to the decrease in the star-formation rate density from z ≃ 1 to z = 0.
On the other hand, dark matter is continuously assembled through the cosmic time (Figure 7) . Thus the clustering amplitude, or correlation length, of the dark matter monotonically increases with time. However, the correlation length of galaxies with L L * does not significantly change from z = 5 to z = 0 because the galaxy-dark matter bias (b g ) decreases with time. Thus, the galaxy clustering at z = 5 is similar to that at the present epoch. This is the reason why SDS IV discovered the large-scale structure of galaxies at z = 5. The size of the large-scale structure at z = 5 is comparable to those in the presentday Universe found by, e.g., Geller & Huchra (1989) .
We have found that dark halos hosting high-z galaxies (LBGs, LAEs etc.) are considerably massive, ∼
10
12 h −1 70 M ⊙ , which is comparable to the total mass of the Milky Way Galaxy. The values of the bias parameter for such massive halos are very high at the observed redshifts. The large masses of dark halos hosting high-z galaxies imply that they will have evolved into groups and clusters of galaxies at the present epoch (section 4.3 and Figure 12 ) in a statistical sense. This would indicate that the majority of present-day field galaxies were formed at z 3, or that high-z progenitors of field galaxies are much fainter than the limiting magnitudes of today's observations (i ′ ∼ 27 and K ∼ 24).
conclusions
We detect 2,600 Lyman break galaxies (LBGs) at z = 3.5 − 5.2 in the deep (i ′ ≃ 27) and wide-field (1,200 arcmin 2 ) data in the Subaru Deep Field (SDF) and the Subaru/XMM Deep Field (SXDF). First, we derive clustering properties (angular correlation function and correlation length etc.) of LBGs at z = 4 and 5 and present the observational results. We then combine these observational results with the Cold Dark Matter model to understand the formation and evolution of galaxies (luminous matter) and dark halos (dark matter) simultaneously and obtain theoretical implications. The major findings of our study are categorized in (a) observational results and (b) theoretical implications as follows.
(a) Observational results: 1. We calculate angular two-point correlation functions of LBGs, and find clear signals for LBGs at z = 4 and 5. We estimate the correlation length, r 0 , of spatial two-point correlation function (ξ g ) by Limber deprojection using the redshift distribution obtained by simulations (section 2). We obtain r 0 = 4.1 ± 0.2h 2. We find that the correlation amplitude of galaxies is larger than that of underlying dark-matter (ξ DM ) at high redshifts (at least at z 3). We calculate the galaxy-dark matter bias, b g ≡ ξ g /ξ DM at 8h −1 100 Mpc, for LBGs. We find that b g of L L * LBGs at z = 4 and z = 5 is 3.5 +0.6 −0.7 and 4.6 +0.9 −1.2 , implying that the distribution of LBGs at z 3 is highly biased against the underlying dark matter. The bias of galaxies brighter than ≃ L * monotonically increases with redshift, supporting the biased-galaxy formation scenario.
3. We make sub-samples of LBGs at z = 4 binned according to magnitude, and calculate the correlation length for each sub-sample. We find that a brighter sub-sample has a larger correlation length (or larger galaxy-dark matter bias): the brightest sub-sample (M ≃ M * − 1) has r 0 = 7.9 100 Mpc, which is marginally larger than the average. These dependences of r 0 on UV luminosity and dust extinction seen in LBGs are in accord with the fact that SCUBA sources, which are thought to be very dusty starburst galaxies, have a large correlation length, r 0 ∼ 10h −1 100 Mpc. (b) Theoretical implications: 4. We investigate properties of dark halos hosting LBGs based on the luminosity function (SDS V) and correlation function (section 3) of our LBGs, using the Cold Dark Matter model (Sheth & Tormen 1999; Sheth, Mo, & Tormen 2001) . We estimate the mass of dark halos hosting LBGs at z = 4 from the the galaxy-dark matter bias at a large separation, b g , and the number density of galaxies from the luminosity function. We find that LBGs at z = 4 reside in dark halos whose mass ranges over 10 11 − 10 13 h 70 M ⊙ ) dark halos have no LBGs, and that most of the galaxies at z = 4 do not have UVcontinuum emission originated from star-formation activity which is strong enough to exceed our detection limit (M 1700 ∼ −20 or ∼ 20h −2 70 M ⊙ yr −1 for extinction-corrected star-formation rate). Thus, we propose that LBGs are high-z galaxies which have episodic star formation and are detected only when star-formation activity is high.
5. We perform a similar analysis to LBGs at z = 5 in our data and LAEs at z = 5 obtained by SDS II. We find that both LBGs and LAEs at z = 5 have dark halos with ∼ 10 12 h −1 70 M ⊙ . The number density of LBGs is about 2 times smaller than that of dark halos with ∼ 10 12 h −1 70 M ⊙ . On the other hand, the number density of LAEs is about 3 times higher than that of dark halos. Thus, dark halos of ∼ 10 12 h −1 70 M ⊙ preferably host multiple LAEs. 6. We apply a similar analysis to LBGs, K-band selected galaxies (FIRES galaxies), and SCUBA sources at z = 3 whose correlation lengths and number densities are given by , Daddi et al. (2003) , and Webb et al. (2003) , respectively. We find that LBGs with L > L * and FIRES galaxies have dark halos whose mass is ∼ 10 12 h −1 70 M ⊙ , while dark halos for SCUBA sources are more massive (∼ 3×10 13 h −1 70 M ⊙ ), suggesting that SCUBA sources could reside in proto-cluster regions. The number density of LBGs is three times lower than that of dark halos existing at z = 3, while the number density of FIRES galaxies is about 4 times higher than that of dark halos. This implies that only about 1/10 (≃ 0.3/4) of galaxies residing in dark halos with ∼ 10 12 h −1 70 M ⊙ have an activestar formation whose star-formation rate (SFR) exceeds ∼ 5h
70 M ⊙ yr −1 if dust extinction is corrected), so that they are identified as LBGs by their bright UV continuum. This difference between LBGs and FIRES galaxies may support the idea that LBGs are galax-ies which happen to be bright at UV wavelength due to episodic star formation.
7. We find that the typical mass of dark halos hosting L L * LBGs is about 1 × 10 12 h −1 70 M ⊙ , which is comparable to the total mass of the Milky Way Galaxy at the present epoch, and that the typical mass is almost constant over z = 3 to 5. It implies that the mass-toluminosity ratio of LBGs (the mass of a hosting halo divided by the UV-luminosity of a LBG in the halo) does not change largely from z = 3 to 5 or, equivalently, the star formation efficiency is almost constant over z = 3 − 5.
8. Using the CDM model, we estimate the mass of present-day dark halos hosting descendants of high-z (z = 3 − 5) galaxies. We find that the mass of the descendants ranges from 10 13 h −1
70 M ⊙ , which are comparable to the mass of present-day clusters and groups. Thus, dark halos hosting the observed high-z galaxies will evolve into clusters and groups. In other words, most of the descendants of high-z galaxies studied here are probably member galaxies in clusters and groups today. The number densities of FIRES galaxies, LAEs, and faint LBGs exceed that of present-day galaxies with M bg −19. If most of these high-z galaxies are progenitors of present-day galaxies with M bg −19, they should experience mergers at least a few times from z = 3 − 5 to z = 0.
We would like to thank the Subaru Telescope staff for their invaluable help in commissioning the SuprimeCam that made these difficult observations possible. We thank the anonymous referee for suggestions and comments that improved this article. M. Ouchi acknowledges support from the Japan Society for the Promotion of Science (JSPS) through JSPS Research Fellowships for Young Scientists. Carlberg et al. (2000) , and Brunner, Szalay, & Connolly (2000) . The bias values of these galaxies at z = 0 − 1 are calculated in the same manner as given in section 3.4. The dotted line shows the correlation length of the underlying dark matter obtained with a non-linear theory (Peacock & Dodds 1996) . The dashed line indicates r 0 of dark matter predicted by linear theory which we use in section 3.4. The solid lines indicate r 0 and bg of galaxies with B < −19 + 5 log h predicted by the semi-analytic model of Kauffmann, Colberg, Diaferio, & White (1999) . Our results for LBGs at z = 3 − 5 also show good agreement with the predictions of the semi-analytic model for galaxies with m R < 25.5 (Baugh et al. 1999) . Fig. 8 .-Magnitude dependence of the correlation length, r 0 , and the galaxy-dark matter bias, bg, for LBGs at z = 4 in the SDF. The four filled circles correspond to the four subsamples. The solid line shows the scaled Norberg's law. The ticks in the top margin indicate the number density of observed LBGs calculated from the luminosity function given by SDS V. The ticks in the right margin indicate the mass of the hosting dark halos calculated by the formula given by Sheth & Tormen (1999) using bg we obtain (see text). Fig. 9 .-Mass function of dark halos hosting LBGs at z = 4. The ordinate shows either the number density of LBGs in a given dark-halo mass range (filled circles), or the number density of dark halos (thin solid line). ∆M shown in the ordinate axis means the number density in the mass range of 1 magnitude, i.e., ∆M = M/(2.5 log(e)) = 0.92M . The thin solid line indicates the mass function of all dark halos at z = 4 calculated using the formula given by Sheth & Tormen (1999) . The four filled circles correspond to the four data points shown in Figure 8 . The thick solid line corresponds to a fit of the scaled Norberg's law to the four data points of Figure 8 . Figure 9 , but for galaxies at z = 3. The two filled circles show LBGs at z = 3 in the SPEC sample (right) and the PHOT sample (left) of . The open circle with an arrow indicates the measurement for the HDF-N sample of . The filled triangle corresponds to all galaxies found in FIRES (Daddi et al. 2003) which is a K-band limited high-z galaxy survey with K < 24 (Labbé et al. 2003) , while the two open triangles are for FIRES galaxies with blue color (left; J − K < 1.7) and red color (right: J − K < 1.7), respectively. The star corresponds to SCUBA sources whose correlation length is reported to be r 0 = 12.8 ± 4.5h Figure 9 , but for present-day descendants of high-z galaxies at z = 3, 4, and 5. We calculate the dark halo mass of descendants using Sheth, Mo, & Tormen (2001) , but assign to the descendants the same number densities as measured for galaxies at high redshifts. The blue, black, and pink filled circles show descendants of LBGs at z = 3, 4, 5, respectively. The red square is for descendants of LAEs at z = 5. The blue triangle and star mark denote all K-selected galaxies with K < 24 (FIRES) and submillimeter-selected galaxies with > 3mJy (SCUBA). The thick solid line corresponds to the scaled Norberg's law at z = 4 (Figure 9 ) evolved to z = 0 assuming the model of Sheth, Mo, & Tormen (2001) . The dotted line indicates the relation for 2dFGRS galaxies with M bg −19, which is calculated from the mass function of dark halos (solid line) and the occupation number derived by van den Bosch, Yang, & Mo (2003) ¶ Number of objects estimated from the contamination, completeness, and redshift distribution of the samples as described in the text. ‡ LAE means the criteria for selection of Lyman α emitters (LAEs) at z = 4.86 ± 0.03 in the SDF. Details of the LAE sample are described in SDS II. Table 3 Summary of the clustering measurements.
Sample Name z Criteria * used to calculate r0 and bg plotted in Figure 7 . Corresponding r0 and bg values are summarized in Table 5 .
a These E(B − V )-dependent subsamples are constructed from 357 bright LBGs with i ′ < 25.3. We calculate E(B − V ) from i ′ − z ′ color (section 3.6.2). The E(B − V ) range of each subsample corresponds to −0.18 < i ′ − z ′ < 0.16 (subsample of −0.2 < E(B − V ) < 0.2), −0.10 < i ′ − z ′ < 0.24 (−0.1 < E(B − V ) < 0.3), −0.01 < i ′ − z ′ < 0.33 (0.0 < E(B − V ) < 0.4), 0.07 < i ′ − z ′ < 0.41 (0.1 < E(B − V ) < 0.5), and 0.16 < i ′ − z ′ < 0.50 (0.2 < E(B − V ) < 0.6).
Note. -Clustering amplitudes, A raw ω and Aω, are in units of arcsec β . We regard Aω as the best estimates. Table 4 Summary of the correlation length and the galaxy-dark matter bias. Table 5 Summary of the clustering measurements for LBGs with L L * and all LAEs plotted in Figure 7 . 
